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Aim: The primary goal of this body of work is to suggest a standardized system for histopathological
assessment of experimental surgical instability models of osteoarthritis (OA) in rabbits, building on past
experience, to achieve comparability of studies from different centres. An additional objective is to
review methodologies that have been employed in the past for assessing OA in rabbits with particular
reference to the surgical anterior cruciate ligament transection (ACLT) model.
Methods: A panel of scientists and clinician-scientists with recognized expertise in assessing rabbit
models of OA reviewed the literature to provide a critical appraisal of the methods that have been
employed to assess both macroscopic and microscopic changes occurring in rabbit joint tissues in
experimental OA. In addition, a validation of the proposed histologic histochemical grading system was
performed.
Results: The ACLT variant of the surgical instability model in skeletally mature rabbits is the variation
most capable of reproducing the entire range of cartilage, synovial and bone lesions recognized to be
associated with OA. These lesions can be semiquantitatively graded using macroscopic and microscopic
techniques. Further, as well as cartilage lesions, this ACLT model can produce synovial and bone lesions
similar to that of human OA.
Conclusions: The ACLT variant of the surgical instability model in rabbits is a reproducible and effective
model of OA. The cartilage lesions in this model and their response to therapy can be graded according to
an adapted histological and histochemical grading system, though also this system is to some extent
subjective and, thus, neither objective nor entirely reproducible.
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Various models of osteoarthritis (OA) have been described for
the rabbit and are summarized in Table I and have been reviewed
elsewhere1. In recent years surgically-induced instability models of
OA are frequently used to assess the therapeutic efﬁcacy of
compounds targeted for OA treatment, because the procedure
induces cartilage lesions similar to those observed in humans with
OA. One of the earliest reports of surgically-induced OA in the
rabbit involved section of the medial collateral ligament, medial: S. Laverty, Département de
re, Université de Montréal,
1-450-7788100; Fax: 1-450-
verty).
s Research Society International. Pmeniscus and both cruciate ligaments in the femorotibial joint2.
The authors observed early chondrocyte death and clustering in the
superﬁcial zone of cartilage, which progressed to ﬁssures, erosion
and subchondral bone sclerosis. Since then, the procedure has been
reﬁned to reduce animal morbidity and often involves either partial
to complete meniscectomy3 or transection of the anterior cruciate
ligament (ACLT) alone, ﬁrst described by Vignon4 or combinations
thereof. The former induces milder disease including ﬁssures but
no full-thickness loss of cartilage occurred, with the meniscectomy
model5. The histological lesions of the ACLT model are more
extensive than those observed with meniscectomy and include full
depth erosion of the cartilage. Because a larger spectrum of carti-
lage lesions occurs with the ACLT model, it is more appealing when
attempting to evaluate structural effects of therapy. This reviewwill
focus principally on the ACLT model of experimental OA in the
rabbit.ublished by Elsevier Ltd. All rights reserved.
Table I
The most important models available in rabbits for studying joint degeneration
(reviewed by Oegema)1
Type of models Published models
Spontaneous OA models Not described in the literature
Induced OA models
Surgically-induced OA ACLT
Meniscectomy (partial or complete)
Combinations of ligament transection
(anterior and posterior) & meniscectomy
Patellectomy
Mechanical models Impact
Repetitive loading
Immobilization
Chemically induced OA Iodoacetic acid
IL-1B
Vitamin A
Fibronectin fragments
Enzymatic
- Trypsin
- Collagenase
- Chymopapain/papain
- Chondroitinase ABC
Genetically induced models e
Transgenic animals
None
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Ideally skeletally mature rabbits should be used for studies of
OA. At 7e8 months of age growth plate closure occurs in the rabbit
tibial and femoral epiphyses6. It is also important to note that the
age at which joint maturity is attained will depend on the joint.
Interestingly, a recent study reported that articular cartilage
maturity in the rabbit femorotibial joint is attained much earlier at
approximately 3 months7. At that time the articular cartilage ceases
growth and the calciﬁed cartilage zone and the subchondral bone
plate are formed which are indicators of joint maturity. These
observations suggest that, based on cartilage maturity alone,
younger rabbits could also be potentially useful models for OA
studies. A recent study in rabbits reported that OA degradation
occurredmore rapidly in aged rabbits when compared to immature
animals8. The bottom line is that older adult animals would be
preferable as models of human OA, but it is extremely difﬁcult to
obtain large numbers of adult animals for studies.
Most investigations have employed New Zealand White rabbits
and both males and females have been included. There may be
differences between breeds and it is also unclear whether ﬂuctu-
ations in hormones could affect the development of OA and
consequently males could be preferable for study.Timeframe of development of disease
Increased cartilage thickness has been observed9 to be an early
event in the development of cartilage lesions in this model. Fissures
and erosion of cartilage can occur as early as 4 weeks post-ACLT.
Full depth erosions of cartilage have been reported to occur in 40%
of femoral condyles at 8 weeks10 but this can vary. The cartilage
lesions observed in each compartment are focal and are usually
centered in the femoral condyles and in the tibial plateau. Full
thickness erosion of the tibial cartilage sometimes occurs on the
caudal aspect of the medial tibial plateau. The remainder of the
articular cartilage is usually spared at the time of macroscopic
examination at 8e12 weeks post-surgery. It is important to realise
that inter-animal variation in lesion development is encountered.
Similarly interstudy variation may also occur, probably related to
the use of a different batch of animals with a different genetic
background. As this is an instability or biomechanically inducedmodel, factors such as cage dimensions and ﬂooring could play
a role in the development of the disease as they inﬂuence the
animal’s activity on the affected limb.
Synovial effusion, synovitis, ﬁbrosis of the capsule, hypertrophy
of the medial collateral and posterior cruciate ligaments and
meniscal tears are also features of disease progression. Osteophytes
are observed early (2 weeks on Computed Tomography e CT
examination11) and occur on the tibia, femoral trochlea and
condyles.
Common histological ﬁndings in the articular cartilage of the
ACLT model include loss of Safranin O staining, ﬁssures, erosion of
cartilage, chondrocyte loss and chondrocyte clustering. Tidemark
integrity however is preserved in this model12. Synovial hyper-
plasia is also observed on histological examination.
A large number of studies have also been published describing
OA changes and mechanisms of the disease process in the
model8e10,13e30. The majority of studies published to date have
employed the rabbit ACLT model for the detection of structure
modifying effects of compounds5,12,17,31e52. In recent years the
model is also being increasingly employed in imaging
studies11,53e59.Anatomy and joint pathology
Anatomy
The rabbit knee has some anatomical similarities with the
human knee: there is one straight patellar ligament cranially, two
menisci are interposed between the femur and tibia and there is
a spacious suprapatellar synovial recess. The patella appears pro-
portionally smaller in the rabbit when compared to humans.
Despite anatomical similarities, functional and structural differ-
ences are evident; the rabbit is a quadruped, the femorotibial joint
is more ﬂexed and the gait is different. The mechanics of the joint
are therefore different from humans. Little is known about the
relative laxity of normal joints between rabbit and humans or
following transection/rupture of the anterior cruciate ligament.
The articular cartilage structure also differs between rabbits and
humans. The rabbit femoral articular cartilage is 0.2e0.4 mm in
thickness, whereas the human femorotibial cartilage varies in
thickness, depending on site, from 2e4 mm60,61. In addition, the
calciﬁed cartilage layer and the subchondral bone from the rabbit
are proportionally (and relatively) thicker when compared to
humans60,62,63. Differences also exist in the volume density of
chondrocytes: 2e12% in rabbits and 1.65% in humans63,64.Scoring of alterations in joint structures
At the outset of any experimental OA study it is important to
determine what parameters should be assessed to monitor change
and how to do so. It is imperative to remember that these will vary
depending on the objectives of the study. For example, if the
objective is to determine whether a compound has structure
modifying properties in OA, parameters related to this such as
Safranin O staining, ﬁssures and erosion of cartilage will be
assessed. Furthermore biochemical and gene expression assess-
ments could also be included to detect a speciﬁc effect of the
compound. However, if the objective is to assess whether new
imaging technology can detect a change in a parameter, a different
set of parameters relevant to the technology being studied may be
chosen and the weight given to each could differ from that in an
efﬁcacy study. The methodologies that are employed to grade and
assess amodel are not rigid: they need to be tailored to the object in
view.
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assessment of change in the rabbit ACLT model of OAwith a view to
assessing the efﬁcacy of a compound to modify the structure or
disease in osteoarthritis (DMOADS). Themethods of assessment are
applicable to all surgical models of OA in the rabbit knee.
Macroscopic scoring
Ideally any examination should be simple, easy to execute and
repeatable and examiners should be blinded as to the animal status.
An examination of the gross changes of the articular cartilage of the
tibia and femur is the ﬁrst step in the assessment of change in thisFig. 1. Representative macroscopic changes of the articular cartilage. India ink particles are
With full depth erosion of all cartilage zones, the bone appears as a pale area surrounded by
Bar¼ 1 cm. (A) Score 1: Intact surface: surface normal in appearance and does not retain
(D) Score 4: 8 mm Fissures. (E) Score 5: 0 mm< Full depth erosion of cartilage to bone 
5 mm< Full depth erosion of cartilage to bone.model. This should be performed in all four compartments: the
medial and lateral femoral condyles and tibial plateaus. India ink65,
which adheres to ﬁssured cartilage, can be used as a supplementary
aid to enhance visualization of lesions by providing contrast with
surrounding normal cartilage (Fig. 1). Although India ink itself is
inert, its solvent could potentially interfere with certain analyses
(e.g., immunohistochemistry, molecular biology) it would therefore
be prudent to avoid its use when additional analyses are required.
The articular surface may also be gently blotted dry with a paper
towel, which enhances visualization of the ﬁssures.
Ideally digital images of specimens should be obtained and the
lesions recorded on a schema with measurements of lesion lengthabsorbed to the cartilage surface or trapped in ﬁssures and indicate areas of ﬁssures.
India ink stained cartilage, highlighting ﬁssures in cartilage contiguous to the erosion.
India ink. (B) Score 2: 0 mm< Fissures 4 mm, (C) Score 3: 4 mm< Fissures 8 mm.
2 mm. (F) Score 6: 2 mm< Full depth erosion of cartilage to bone 5 mm. (G) Score 7:
Table II
Most frequently used scoring systems for assessment of macroscopic changes in
articular cartilage using India ink
Articular cartilage
macroscopic score
Ref
1 Intact surface Surface normal in appearance
and does not retain India ink
12e14,16,17,27,
30,31,34e36,41,
43,47,49-51,56,672 Minimal ﬁbrillation Surface retains India ink as
elongated specks or light
gray patches
3 Overt ﬁbrillation Areas which are velvety in
appearance and retain ink
as intense black patches
4 Erosion*
a. 0 mm< Erosion 2 mm
b. 2 mm< Erosion 5 mm
c. 5 mm< Erosion
Loss of cartilage exposing
the underlying bone
Modiﬁed10,53,54
* Or ulceration. The measurements represent the length of the lesion.
Table IV
Macroscopic scoring system for assessment of cartilage changes in ACLT rabbit OA
model
1: Intact surface: surface normal in appearance and does not retain India ink
2: 0 mm< Fissures 4 mm
3: 4 mm< Fissures 8 mm
4: 8 mm Fissures
5: 0 mm< Full depth erosion 2 mm
6: 2 mm< Full depth erosion 5 mm
7: 5 mm< Full depth erosion
The measurements represent the length of the lesion.
Table V
Histochemical/histological assessment of articular cartilage changes in the ACLT
rabbit model of OA
Parameter
Safranin Oefast green staining
0¼ uniform staining throughout articular cartilage
1¼ loss of staining in superﬁcial zone of hyaline cartilage <50%
the length of the condyle or plateau
2¼ loss of staining in superﬁcial zone of hyaline cartilage 50%
the length of the condyle or plateau
3¼ loss of staining in the upper 2/3’s of hyaline cartilage <50%
the length of the condyle or plateau
4¼ loss of staining in the in the upper 2/3’s hyaline cartilage 50%
the length of the condyle or plateau
5¼ loss of staining in all the hyaline cartilage <50% the length of the
condyle or plateau
6¼ loss of staining in all the hyaline cartilage 50% the length of the
condyle or plateau
Structure
0¼ normal
1¼ surface irregularities
2¼ ﬁssures in <50% surface
3¼ ﬁssures in 50% surface
4¼ erosion 1/3 hyaline cartilage <50% surface
5¼ erosion 1/3 hyaline cartilage 50% surface
6¼ erosion 2/3 hyaline cartilage <50% surface
7¼ erosion 2/3 hyaline cartilage 50% surface
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photography should be standardized. These records will help guide
where to cut sections to capture the most severe lesions in each
compartment.
Various semiquantitative scoring systems for macroscopic
assessment have been proposed26,30,66 but the system used most
frequently is that based on the Outerbridge classiﬁcation, which is
a well known method of grading cartilage with India ink stain-
ing13,16,50,67 or modiﬁcations thereof12,41,43,47,49,53,54,56 (Table II).
Scoring systems, not employing India ink, have been infrequently
used (Table IIIa & b).
We recommend an additional further subdivision of the
grades for ﬁssures (ﬁbrillation) based on length, which would
provide a larger spectrum of scores for a simple macroscopic
assessment (Table IV & Fig. 1). The compartment scores may be
provided individually or summed to reﬂect the burden of disease
in a joint.
Ideally the macroscopic changes should be quantitatively
assessed but this is not commonly performed because it is time
consuming and requires speciﬁc technology. The lesions have been
measured as a % of the articular surface involved9. The articular
surfaces were magniﬁed using a retroprojector and reproduced on
a sheet of paper and the surfaces measured with a Leitz image
analyzing computer. Elegant quantitative measures of the extent of
macroscopic damage to the cartilage surfaces have also beenTable III
Scoring systems for assessment of macroscopic changes in articular cartilage
without India ink
a.
Macroscopic score
0¼ surface smooth with normal color 42
1¼ surface rough with minimal ﬁbrillation or a
slight yellowish discoloration
2¼ cartilage erosion extending into the superﬁcial
or middle layers
3¼ cartilage erosion extending into the deep layers Modiﬁed26
4¼ complete cartilage erosion with subchondral
bone exposed.
b.
Macroscopic score
0¼ normal 55
1¼ focal surface roughness
2¼widespread surface irregularity
3¼ beginning surface ﬁbrillation
4¼ severe surface ﬁbrillation
5¼ beginning erosion
6¼ severe erosion
7¼ slight ulceration
8¼ severe ulcerationreported using video. Ideally the three-dimensional quantitative
morphometry of the osteoarthritic lesion volume would be an
appropriate measure but has not been described in this model.
These techniques, although more accurate, are not often used
because they are more labour intensive and require experience with
the techniques.8¼ Full depth erosion hyaline cartilage <50% surface
9¼ Full depth erosion hyaline cartilage 50% surface
10¼ Full depth erosion hyaline and calciﬁed cartilage to the
subchondral bone <50% surface
11¼ Full depth erosion hyaline and calciﬁed cartilage to the
subchondral bone 50% surface
Chondrocyte density
0¼ no decrease in cells
1¼ focal decrease in cells
2¼multifocal decrease in cells
3¼multifocal conﬂuent decrease in cells
4¼Diffuse decrease in cells
Cluster formation
0¼ normal
1¼<4 clusters
2¼4 but <8 clusters
3¼8 clusters
Deﬁnitions for the recommended grading system.
See glossary in chapter X for terminology and synonyms.
For the purposes of this assessment articular cartilage is divided into four zones:
Zone 1: Superﬁcial zone: upper 1/3 hyaline cartilage; Zone 2: Middle zone: middle
1/3 hyaline cartilage; Zone 3: Deep zone: deep 1/3 hyaline cartilage; Zone 4: The
calciﬁed cartilage.
Artefact deﬁnition: ﬁssure but no hypocellularity or loss of safranin O adjacent to the
cleft; Focal: observed at one site on section; Multifocal: observed at more than one
site; Multifocal conﬂuent: observed at multiple sites that are in contact.
Table VI
Histopathological assessment of OA synoviopathy77e79
Criteria Scoring Description Comments
Synoviocytes
Proliferation 0: Normal One layer
1: Slight up to two cells deep
2: Moderate up to four cells deep
3: Severe up to more than four cells deep
Hypertrophy 0: Normal Squamous
1: Slight Cuboidal
2: Moderate Cylindrical
3: Severe Cylindrical with cytoplasmic protrusions
Inﬂammatory inﬁltrate
Granulocytic inﬁltrate* 0: Absent In very early stage only
1: Slight Few cells
2: Moderate Some foci of cells Consider infection
3: Severe Diffuse inﬁltration
Fibrinous exudate* 0: Absent
1: Slight Slight amount, focal
2: Moderate Multifocal deposits of ﬁbrin
3: Severe Diffuse deposits of ﬁbrin
Lymphoplasmacytic inﬁltrate 0: Absent
1: Slight Single/few cells
2: Moderate Some cells, mainly around vessels
3: Severe Many cells, diffuse inﬁltration
Lymphoplasmacytic aggregates/follicles 0: Absent
1: Single 1
2: Many >1
Synovial stroma
Villous hyperplasia 0: Absent No villi/smooth waves
1: Slight Some small villi
2: Moderate Multifocal villous hyperplasia
3: Severe Diffuse villous hyperplasia
Proliferation of ﬁbroblasts/ﬁbrocytes 0: Absent Normal cellular density
1: Slight Mild proliferation
2: Moderate Moderate proliferation
3: Severe Extensive proliferation
Proliferation of blood vessels 0: Normal
1: Slight Mild proliferation
2: Moderate Moderate proliferation
3: Severe Extensive proliferation
Cartilage/bone-detritus 0: Absent
1: Few 1e3
2: Many >3
Hemosiderosis 0: Absent
1: Few cells 1e3
2: Many cells >3
* These parameters will be of use in the very early stages of experimental OA alone.
S. Laverty et al. / Osteoarthritis and Cartilage 18 (2010) S53eS65 S57Microscopic scoring of cartilage alterations
Both the femur and tibia are usually ﬁxed in 10% buffered
formalin, and decalciﬁed in 10e20% ethylenediaminetetraacetic
acid (EDTA) (in 0.1 M phosphate buffer 7e8) or 5% formic acid and
embedded in parafﬁn for staining with a cationic dye to detect
reduced staining due to proteoglycan loss. The stain used will vary
but Safranin Oefast green and Toluidine staining are commonly
employed for this purpose though both are not fully reliable; the
content of proteoglycans may be underestimated particularly when
using plastic-embedded material. Hematoxylin and eosin (H & E)
stained sections may also be assessed.
A limitation of these routine ﬁxation techniques is that 15e20%
of the proteoglycans are washed out in the process68. In order to
preserve the proteoglycans an appropriate chemical ﬁxation
protocol in the presence of a cationic dye is required69. In addition
decalciﬁcation is also associated with further extraction of
proteoglycans70. If chemical ﬁxation is performed in the presence
of appropriate cationic dyes and plastic embedding employed
without decalciﬁcation, this leads to the highest quality ofproteoglycan preservation in situ, which is a precondition for
quantitative assessments68,71. The staining result is relative and
ideally should be compared with a normal internal control as the
staining intensity of articular cartilage tissue can vary between
individuals of the same species.
Various methods of sectioning have been described. Parafﬁn-
embedded sections are cut at 4e8 mm on a microtome in a para-
sagittal plane13,31. The coronal plane is infrequently used in this
model. Advantages of the parasagittal plane are that it captures the
longest length of the femoral lesion and also ulceration, when
present, on the caudal tibial plateau, which could be missed with
coronal sections. For compound efﬁcacy studies the sections should
bemade through the most severe lesions and the evaluators should
be blind as to animal status. Two to eight sections per
condyle12,25,26,31,35,37,39,41,43,46,55,56 are usually evaluated.
Semiquantitative grading
The majority of studies have used a histologic histochemical
grading system identical or similar to that suggested byMankin and
colleagues25,26,29,42,49,51 or variations thereof12,28,32,46 to score
S. Laverty et al. / Osteoarthritis and Cartilage 18 (2010) S53eS65S58histological changes semiquantitatively. The Mankin grading
system and the recently described grading system by Pritzker and
colleagues72 (see introductory chapter) have been compared for the
assessment of histologic changes in this model73. Both scoring
systems demonstrated the same trends for OA grades in each joint
compartment. The Pritzker method is more linear in scoring ranges
induced in this model. Although the Pritzker system provided
awider range of OA scores within the OA group (greater differences
between test and controls) some limitations of the system have
been identiﬁed72 and may be overcome by reporting the grade and
stage separately, rather thanmultiplying them. An advantage of the
Pritzker system is that it is linked directly to macroscopic assess-
ments. All scores for all compartments should be provided.
However it should always be remembered that a failing of all
scoring schemes is that they are subjective.
However, if necessary, a non-biased stereological approach i.e.,
use of unbiased quantitative morphometrical parameters based on
the application of an appropriate sample system (see also Pastoureau
article in the issue) is the most accurate methodology that can be
used.
Quantitative histologic assessment of cartilage
Histomorphometric measures have been reported employing
a computer based image analysis system with a gray scale density
function to semiquantitatively assess the histochemical character-
istics of the articular cartilage. Parameters reported included total
cartilage area, % stained (Safranin O) area, mean gray scale and gray
scale index15. The gray scale index represented the relative total
amounts of the glycosaminoglycans (GAGs) in the cartilage.
Histological sections have also been analyzed with an image
analysis system13,17,31,34,41,43,74 to quantify structural features
including cartilage thickness, area and ﬁbrillation.
Immuno-histochemical analyses
Immuno-histochemical analyses are employed to study carti-
lage changes and are informational, reﬂecting epitope distribution
patterns in the tissue or semiquantitative at best. The reader is
reminded here that not only does proteoglycan loss, extraction and
redistribution occur during chemical ﬁxation protocols but also
following cryoﬁxation and immuno-histochemical staining proce-
dures, since during thawing of cryo-sections and immuno-histo-
chemical staining, the tissue is exposed at the best to a mild
chemical ﬁxation (if at all) and to buffer solutions. It is well known
that incubation of tissue sections in low-ionic strength salt solu-
tions, is associated with high proteoglycan extraction activity, loss
and redistribution of proteoglycans75,76.
Microscopic scoring of synovial alterations (grading of
synoviopathy)
Changes in the synovial membrane reﬂect the degenerative and
inﬂammatory processes in the joint. The sample site should be
standardized, as local changes in synovial morphology exist within
the joint. Also the sample site should be distant from the arthrot-
omy site as inﬂammation and ﬁbrosis induced by the surgical
intervention will confound interpretation of ﬁndings.
The suprapatellar pouch has an abundant synovial membrane
and is an easy site to sample. The infrapatellar fat pad region has
also been sampled. The synovial membrane should be spread in
a cassette then ﬁxed in 10% buffered formalin and subsequently
embedded in parafﬁn. H & E stain is commonly used for analysis of
this tissue. Various histological criteria and scores for the assess-
ment of the synovial membrane have been reported32,39,45. We
recommend the grading system provided in Table VI that captures
the histological features of synoviopathy in OA77e79. Characteristicsynovial lesions observed with OA in this model are provided for
reference in Fig. 3. Hyperplasia of the synovial membrane and
inﬁltration of inﬂammatory cells with subsynovial ﬁbrosis are
features of the disease in this model13.
Synovialmembranehistological sectionshavebeenanalyzedwith
a color image analysis system based on color thresholding13.
Customized software permitted quantiﬁcation of the thickness of the
synovial lining layer34,41 and cell density of the synovium. The
thickness and cell density were greater in the ACLT limbs when
compared to controls but the thickness decreased over time after
surgery13.
Joint effusion
Synovial effusion is a feature of the rabbit ACLT model and is also
an indicator of the inﬂammation within the joint. It is a difﬁcult
parameter to measure. A method has been described to score this
parameter at post-mortem evaluation (Table VII)29,41 but it is very
subjective in nature. A maximal aspiration of synovial ﬂuid by
arthrocentesis could be envisaged to quantify effusion at post-mor-
temexamination.However it should be recognized that residualﬂuid
may remain in the joint following aspiration and the quantity aspi-
ratedwill only approximate the total amount. Very small amounts of
synovialﬂuid are available in normal healthy joints and this increases
with the development of OA in the ACLT model. It is possible to
quantify the synovial effusion indirectly by measuring the distance
from themid-patella to distal femur using imaging technology in vivo
(radiographs, MRI emagnetic resonance imaging and CT)11,57.
Microscopic scoring of bone alterations
As OA is now recognized as a disease that involves the whole
joint organ, including the subchondral bone, the evaluation of
changes in this tissue is also relevant in the assessment of OA
models. This point is underpinned by recent studies in animal
models that demonstrated that agents that suppress bone turnover
(calcitonin and bisphosphonates) were shown to reduce the
severity of cartilage lesions in the early stages of OA80e82. Bone
mineral density (BMD) has recently been assessed in the rabbit
ACLT model ex vivo using either a CT scanner or uCT24,53,54. The
compartmental BMD decreased at 4 and 8 weeks post-surgery but
returned to normal at 12 weeks53,54 indicating that subchondral
bone turnover is increased in the early stages of OA in this model.
BMD and bone mineral content have also been assessed ex vivo
employing dual energy X-ray absorptiometry (DEXA)46,52. It is now
possible to measure BMD in vivo for time course studies in this
model using CT technology11. Also uCT technology is now available
that will permit in vivo imaging of this model which will expand
our capacity to analyze a battery of bone parameters in vivo over
time and assess the effects of compounds on the subchondral bone.
Static histomorphometric and bone formation and resorption
data have recently been reported for the rabbit ACLTmodel52 (Table
VIII). Backscattered electron (BSE) images on undecalciﬁed sections
were obtained using a scanning electron microscope and permitted
the assessment of subchondral bone parameters: trabecular bone
turnover, architecture, connectivity and mineralization52 (Table
VIII). Compared to the control, the ACLT group had signiﬁcantly
increased subchondral bone turnover and lower BMD, bone
volume, connectivity and bone mineralization.
A disadvantage of the techniques is the requirement for exper-
tise in handling and assessing bone tissue and access to the tech-
nology required to perform the analyses. This is in contrast to the
techniques required for routine histological assessment of cartilage
that is available inmost laboratories. The use of these tools in future
studies should however permit a greater understanding of effects
of compounds on the subchondral bone structure.
Fig. 2. Representative articular cartilage histopathology. Representative Safranin Oefast green stained cartilage sections from a rabbit with OA, demonstrating scores corresponding
to the recommended histochemical/histological grading system outlined in Table V. The images provided reﬂect focal changes for most parameters. The numbers in parentheses
reﬂect that the scores take into account the extent of articular surface involvement when assessing Safranin Oefast green staining or structure (The complete articular surface is not
included in the atlas.) Similarly in the case of chondrocyte density the numbers in parentheses reﬂect when observed changes are multifocal (2) or multifocal conﬂuent (3) (see
deﬁnitions of terminology employed provided with Table V).
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Osteophytes are a feature of the ACLT model of OA in the rabbit.
Large osteophytes develop early in the disease process surrounding
the femoral trochlea but also in the intercondylar fossa, femoral
condyles and proximal tibia (Fig. 4). There is controversysurrounding the signiﬁcance of osteophytes in OA as their presence
or severity does not correlate well to the presence of cartilage
lesions. However there is agreement that their presence should be
noted and assessed as part of the process of assessment of the
disease. In the simplest assessment their presence is simply noted
or they can be semiquantitatively assessed usually using a score
Fig. 3. Representative synovial membrane histopathology. (A) Normal synovial membrane. (B) Normal synovial membrane with underlying adipose cells. (C) Moderate synovio-
cytes proliferation and slight hyperplasia, with moderate diffuse lymphoplasmacytic inﬁltration, slight villous hyperplasia and severe ﬁbroblast proliferation, and moderate
proliferation of blood vessels. Many cells contain hemosiderin pigments. (D) Severe hyperplasia of synoviocytes, some of which presenting apical cytoplasmic protrusions. A slight
diffuse lymphoplasmacytic inﬁltrate is also present. (E) Severe hyperplasia and hypertrophy of synoviocytes, with slight diffuse lymphoplasmacytic inﬁltration, proliferation of
ﬁbroblasts and moderate proliferation of blood vessels. Many cells contain hemosiderin pigments. (F) Severe hyperplasia and hypertrophy of synoviocytes with slight lympho-
plasmacytic inﬁltrate, severe proliferation of ﬁbroblasts and blood vessels. (G) Perivascular lymphoplasmacytic inﬁltrate. (H) Lymphoplasmacytic follicle. (I) Severe hyperplasia and
hypertrophy of the synoviocytes, with presence of some apical cytoplasmic projections. (J) A probable cartilage matrix detritus is partially embedded in the synovial membrane.
Macrophages containing hemosiderin are also present. (K) A bone matrix piece (arrow) is embedded partially in the synovium. The synovial cells are slightly hyperplastic and
hypertrophic. (L) Marked hemosiderosis with many macrophages containing hemosiderin. The synoviocytes are slightly hypertrophic. A moderate proliferation of ﬁbroblasts and
a severe proliferation of blood vessels are also present.
S. Laverty et al. / Osteoarthritis and Cartilage 18 (2010) S53eS65S60from (0e3, absent, mild, moderate, severe)29. It is very difﬁcult to
accurately and easily quantify osteophytes throughout the joint
because of their 3D nature. Vignon attempted this using a method,
based on Archimedes principles, whereby the proximal tibia or
femur was submerged in water to determine volume. The volume
of osteophytes was estimated as the ratio of the joint volume from
operated knee to that from the control knee of the same animal. Itwas noted that joint hypertrophy preceded cartilage ﬁssures4.
Using uCT, Batiste described a very elegant, but semi-automated
and tedious, method to assess osteophyte volume ex vivo54. A
signiﬁcant increase in osteophyte volume occurred in the ACLT
rabbits at 8 and 12 weeks post-surgery. In the future automated
techniques may be developed to permit the rapid quantitation of
this parameter.
Table VII
Joint effusion score at post-mortem examination
Joint effusion score Ref
0: Normal
1: Mild: ﬂuid greater than normal, but does not
ﬁll the knee joint
2: Moderate: ﬂuid ﬁlls the knee joint, but does not
pour out of the capsule as it is opened
3: Severe: ﬂuid expands the knee joint and pours out
as the capsule is opened
41
Table VIII
Assessment of the subchondral bone
Subchondral bone assessment Method Ref
Bone mineral density uCT 54
Bone volume fraction
(bone volume/total volume)
53
Osteophyte volume
Bone mineral density (BMD)
Bone mineral content (BMC) DEXA 52
Static histomorphometry Goldner’s trichrome on
sections embedded in
Spurr’s resin
52
Osteoid volume (OV)
Osteoid surface (OS)
Osteoid thickness (O.Th)
Eroded surface (ES)
Structural parameters BSE 52
Trabecular Bone Volume e BV/TV (%)
Trabecular Thickness e Tr.Th (mm)
Trabecular Number e Tr.N (1/mm2)
Trabecular Separation e Tr.Sp (mm)
Subchondral bone thickness
Connectivity parameters BSE 52
Number of multiple points (1/mm2)
Number of end points (1/mm2)
Lengths of node-free struts (mm/mm2)
Lengths of nodeenode struts (mm/mm2)
Lengths of free-free struts (mm/mm2)
Ratio of end points/multiple points
Total strut length (mm/mm2)
Bone mineralization BSE 52
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Few studies have evaluated meniscal changes in the rabbit OA
model23,59,83. Meniscal tears occurred as early as 4 weeks after
ACLT in some rabbits and control joints may also have meniscal
tears. By 8 weeks tears are often present in both menisci with the
most severe lesions occurring in the medial meniscus (Fig. 5). An
early system to deﬁne their appearance described the mild to
severe changes as surface appearance, swollen meniscus and the
presence of tears37. This grading system was expanded in a later
report83 and was based on a system reported earlier by Adams84
for describing lesions in the canine Pond-Nuki model and more
comprehensively describes the changes in morphology encoun-
tered at post-mortem (Table IX). A histomorphometric assessment
of the meniscus has also been reported37. The parameters assessed
were the total area of the meniscus and % stained with cationic
dye. The total volume of the meniscus would be a biologically
more meaningful parameter for histomorphometric evaluation
than the total area of the tissue.Evaluation of sources of variability
Inter-observer reliability of histological grading of cartilage changes
with suggested histochemicalehistological grading system
Twenty histological sections from the rabbit distal femur and
proximal tibia, with varying stages of OA were selected for the
purposes of assessing inter-rater reliability for grading articular
cartilage changes. These sections were graded by 10 independent
observers using the grading system described in Table V. The
calculated intraclass correlation coefﬁcients (ICCs), which repre-
sent the inter-rater reliability when assessing the described
parameters, are shown in Table X. Five graders were considered
expert because of their prior experience assessing and grading OA
histopathology, four of whom are authors on this paper (SL, CG, KP,Fig. 4. Osteophytes on the distal femur. Extensive osteophyte production (TA). The ﬁfth grader assesses OA histopathology in an industrial
setting for many years (Dr Luc Chouinard DVM, Dipl ACVP, Charles
River Laboratories, 87 rue Senneville, Senneville QC, H9X 3R3). The
ﬁve non-experts were veterinarians in a veterinary pathology
residency program but who had not graded OA pathology in animal
models previously (non-experts). The latter group received a 1 h
training session employing the atlas of images in Fig. 2 prior to
grading the sections. The ICCs of the experts were highest for
cartilage structure. The non-expert group also performed very well.
The expert graders noted that chondrocyte density and cluster
formation were sometimes difﬁcult to grade. The ICCs for proteo-
glycan loss, chondrocyte density and clusters were higher in the
non-expert group when compared to the expert group. There are
two possible reasons for this: the experts may have had a greater
ability to discriminate between lesions or the non-expert group
received a 1 h training session by one expert (CG) which biased
them towards that expert’s opinion and subsequently there was
greater agreement within the group.between arrows) on the distal femur abaxial to the trochlear groove.
Fig. 5. Meniscal changes with OA. (A) Normal meniscus. (B) Moderate surface ﬁssures (between arrows). Grade 3 meniscal change. Visualization enhanced by application of India
ink. (C) Meniscus with complete tear. Grade 5 meniscal change and extensive tissue remodelling.
Table IX
Score for macroscopic meniscal changes
Meniscus score Ref
1: Normal 25
2: Minimal ﬁbrillation
3: Moderate surface ﬁbrillation but no tears
4: Severe ﬁbrillation, incomplete tears
5: Complete tears, bucket-handle tears or multiple incomplete tears
Table X
Inter-rater reliability of rabbit histological grading by the histochemical/histological
grading system
Histological feature Experts rabbit
OA histology n¼ 5
Students in pathology
training programs
(non-experts) n¼ 5
Cartilage structure 0.98 (0.97e0.99) 0.87 (0.81e0.91)
Proteoglycan loss 0.89 (0.84e0.92) 0.92 (0.88e0.95)
Chondrocyte density 0.72 (0.61e0.80) 1 (1e1)
Clusters 0.82 (0.75e0.88) 0.99 (0.98e0.99)
Values are ICCs for multiple graders and represent the mean values for the tibia and
femur sites. The 95% conﬁdence intervals are shown in brackets. A total of 20
specimens were assessed.
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The joint is now perceived as an organ and consequently OA
involves all it’s tissues: the articular cartilage, subchondral bone,
menisci, synovium, the capsule and joint ﬂuid. Ideally, all structures
should be systematically assessed when attempting to evaluate
structure modifying compounds in OA. The emphasis is currently
often placed on the ability of therapy to reduce cartilage structural
changes on histopathological assessment alone, but it could be
argued that it still remains unknown whether this is the most
important structural parameter to preserve. Unfortunately, this is in
part because of time, cost and practical constraints. Regrettably
assessment of bone, because of the expertise and equipment
required, is often less accessible.
Because of the availability of new technology it is important to
remember that other features of the disease can also now be
explored when attempting to detect a response to a therapeuticintervention and these include tissue gene expression, biochemical
composition, biomarker content and biomechanical proﬁle. The
whole joint can now be imaged with various imaging modalities
(CT, DEXA, MRI, Ultrasound). As in the case of histopathological
assessment, these techniques will also need to be standardized if
meaningful comparisons are to be made. However expertise and
accessibility to the necessary technology may limit the widespread
use of these techniques.
Overall advantages of the rabbit ACLT model of OA include ease
of handling, low cost, availability and rapidity of development of
cartilage lesions. Although the joints are larger than rodents
allowing harvest of a greater amount of tissue samples, they are not
large enough to permit arthroscopic examination. Because of it’s
gait, this animal is not suitable for functional studies related to OA.
In summary the rabbit is a suitable model for addressing
selected questions related to OA and yields adequate amounts of
tissues to allow comprehensive histopathological assessment of
structural changes associated with the disease process. The sug-
gested methods to improve standardization between different
laboratories, outlined in the review, represent a consensus of the
authors and their application may allow meaningful comparisons
to be made between studies in the future.
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